The Valsalva manoeuvre, intra-abdominal pressure (IAP) and intrathoracic pressure (ITP) play important roles in resistance training and common daily activities. The purpose of this review is to summarize the ITP and IAP responses to resistance exercises and to determine which exercises elicit the highest or lowest body pressure values under high-intensity resistance exercise. The PubMed, Scopus and Web of Science databases were searched until November 1, 2018. A combination of the following search terms was used: Valsalva manoeuvre, hold breath, controlled breathing, controlled breath, abdominal pressure, intrathoracic pressure AND weight training, resistance exercise, power lifting. The search process yielded 1125 studies, of which 16 were accepted according to the selection criteria and methodological quality. The highest IAP was recorded during squats (over 200 mmHg) followed by deadlift, slide row and leg press (161-176 mmHg), and the lowest IAP was found during bench press (79±44 mmHg). The highest ITP was elicited by the leg press, deadlift and box lift (105-130 mmHg), which were higher than during the bench press (95±37 mmHg) and slide row (88±32 mmHg). We recommend the bench press and slide row as exercises useful for beginners and individuals with hypertension. Untrained individuals should not use heavy squats, deadlift, box lift and clean exercises until they have undergone progressive adaptation for lifting high loads resulting in high IAP and ITP. The values of IAP and ITP during high-intensity exercise seem to be determined mutually by the position of the human body and the external load. there are cases where the VM might be the cause of the health risk, e.g., VM brain blackout [9] , temporary blinding or other vascular brain injuries [10] [11] [12] . Although it may appear that the VM is not safe, we must keep in mind that the previously mentioned situations are extreme cases with excessive resistance (whole body overload), and most of the studies that described injuries in connection with the VM were case studies. Conversely, it has been stated that the Original Paper
INTRODUCTION
Intrathoracic pressure (ITP), intra-abdominal pressure (IAP) and the Valsalva manoeuvre (VM) play important roles during common life situations through all spectrums of human activity. Increases in ITP and IAP can be initiated by the VM, which is the body technique that increases the tone of the vagus nerve, which decreases the heart rate, changes blood pressure and increases stabilization of the trunk during physical activity [1] [2] [3] . The VM can occur unintentionally; it might be constrained or restricted by voluntary breath modifications during low and moderate efforts, but it is unavoidable when the force production exceeds 80% of the one-repetition maximum (1RM) [4, 5] . Therefore, knowledge of the effects of the VM on physiological responses, such as IAP and ITP, should be considered when prescribing physical activities, athletic training and exercise selection in resistance training.
While the variation of moves, athletic performance and body stress all change, IAP, ITP and the VM play the same mechanical roles to
Systematic review of intra-abdominal and intrathoracic pressures initiated by the Valsalva manoeuvre during high-intensity resistance exercises

Literature selection
After identifying potential articles, the titles and abstracts were independently reviewed to select relevant articles for full text screening.
The inclusion criteria included reports from objective IAP and ITP measurements performed with the Valsalva manoeuvre during weight lifting (not just performance itself) in different populations. The full texts of relevant articles were analyzed for final inclusion and the eligibility assessment. During the full-text screening, the following exclusion criteria were used: 1) the full text was not available in English, 2) the study contained a poor description of the measurement devices and procedures, and 3) the study did not include a proper resistance exercise task.
Data extraction and processing
The full texts of relevant articles were analyzed to determine inclusion in the final analysis. This full-text screening was performed by three independent reviewers (PS, MP, DB), who also completed the data VM can protect the body from cerebrovascular damage [13] caused by exercise-induced hypertension (in exercises that induce hypertension) [14] because it affects the cerebral artery blood velocity [15] .
The VM causes changes in different body pressures: ITP [9] , IAP [2] , blood pressure (BP) [5, 16] and cerebrovascular transmural pressure [13, 17] . While ITP and IAP represent the relatively local direct biomechanical effect of the VM, BP represents the physiological effect targeting the whole body. Because different pressure determinations require different methodologies and represent different physiological effects, it is beneficial to review the use of measuring the effect of the VM on IAP and ITP during high-intensity resistance exercise.
In summary, different measurement approaches have been employed to estimate whether the VM causes a health risk or offers protection during standardized resistance training, and a BP response has been clearly described. Conversely, only a small number of mechanical body responses during the VM have been clearly described in previous studies. Currently, there are no guidelines on which exercise can elicit the strongest uncontrolled IAP and ITP response.
Therefore, the purpose of this review is to summarize the ITP and IAP responses to resistance exercises and estimate which exercises elicit the highest or lowest body pressure values during high-intensity exercise (over 80% of 1RM) in any population. The summary of current findings should lead to recommendations for the interpretation of IAP and ITP changes in the context of exercise selection for trained and untrained individuals.
MATERIALS AND METHODS
Review process
This study utilized the Preferred Reporting Items for Systematic Reviews (PRISMA), where the protocol was registered in the International Prospective Register of Systematic Reviews (PROSPERO) database under no. CRD42018082240. After identifying potential articles by screening the titles and abstracts, the full text selection was performed according to the exclusion criteria, as well as an eligibility assessment using the "Strengthening the Reporting of Observational Studies in Epidemiology" (STROBE; Supplementary material S1) checklist, which is designed to assess the potential for bias in a study and evaluate the generalizability.
Literature search
To find articles related to the VM, ITP and IAP during resistance training, a systematic, computerized literature search was conduct- 
RESULTS
The database search resulted in 1125 studies after removing the duplicates. The title and abstract screening resulted in 146 accepted papers for full text screening. Finally, 16 studies were included after all the eligibility processes had been completed (Table 1) . One study performed the measurement of ITP and IAP simultaneously [18] , 8 studies measured IAP by itself [19] [20] [21] [22] [23] [24] [25] [26] and 7 studies measured ITP by itself [7, 9, 16, 17, [27] [28] [29] (Table 2) . From seven studies that measured ITP, 3 of them measured mouth pressure, which is commonly presented as ITP, and two studies [17, 27] A total of 10 exercises from 5 studies were compared regarding their IAP response (Table 3, Figure 2 ). The highest IAP was measured during squats (over 200 mmHg), followed by deadlift, slide row and leg press (161-176 mmHg), and the lowest IAP was measured during the bench press (79 ± 44 mmHg). Although other studies reported IAP, some of them did not include exercise performance above
80% of 1RM.
In total, seven exercises from three studies were compared in regard to ITP (Table 4) , whereas one case study [9] was excluded due to the low sample size (n = 2). However, this study [9] reported that clean and jerk exercises were associated with an extremely high IAP (161-261 mmHg) ( Figure 2 , Table 2 ). Cohen's comparison showed that the highest ITP was elicited by the leg press, deadlift and box lift (105-130 mmHg), which were higher than the bench press (95 ± 37 mmHg) and slide row (88 ± 32 mmHg) ( Table 4) .
From 21 studies that fulfilled the search criteria and were previously mentioned, only 16 included intra-abdominal or intrathoracic pressure measurements with precisely described methods and results.
There were 7 additional studies that were close to meeting the criteria, and they are mentioned in the discussion below.
DISCUSSION
We considered the final inclusion of 16 studies sufficient to achieve the aim of the study and to compare the IAP and ITP values among six exercises (described further in the exercise selection subchapter).
However, the selection process required a great amount of discussion on appropriate resistance exercises and other considerations in terms of measurement technique and the VM, which we describe below.
Moreover, our exercise comparison lacks studies performed on a resistance-trained population; therefore we are able to make exercise recommendations with respect to IAP and ITP only for the general population. However, the resistance-trained population is usually healthy and progressively adopted to the physiological and biomechanical demands of those exercises. Single-arm curls, overhead press, double/single-leg press Weight-lifting exercises combined with the Valsalva manoeuvre produced an extreme elevation in blood pressure.
Niewiadomski et al. [27] 12 healthy young males, age 23.9 ± 4. Height 180 ± 6, body mass 84 ± 16 kg.
knee extension Valsalva manoeuvre increased peak systolic and peak diastolic pressure.
Cobb et al. [26] 10 male and 10 female healthy young adults, age 27 Leg press Rapid changes in cardiac volumes, contractility, and pressure occurred during weight lifting and were related to different phases of the lift.
Lander, Simonton and Giacobbe [20] 6 skilled adult males Squats Few differences were observed between using belts of different types. These data suggest that a weight belt can aid in supporting the trunk by increasing IAP.
McGill, Norman and Sharratt [21] 6 subjects, age 25.7 ± 71.7 years, height 177 ± 7 cm, body mass 74.8 ± 8.6 kg
Squat and lifts
The muscle activity and IAP during short duration lifting tasks made it difficult to justify the prescription of abdominal belts for workers.
Adams et al. [7] 41 healthy volunteers, 19 males and 22 females, age 38 ± 12 years, height 170 ± 8 cm, body mass 82 ± 18 kg
Bench press
Patients withstood much more force on the sternum by sneezing than during standard low and moderate intensity bench press, meaning they can perform more activities than they are currently allowed.
Niewiadomski et al. [17] 20 normotensive, pre-hypertensive or moderately hypertensive, otherwise healthy males, age 56 ± 5.4 (range, 46- The greatest IAP from the included positions was measured during squatting.
Cholewicky, Ivancic and Radebold [25] 9 untrained males, 1 untrained female, age 28 ± 4 years, height 177 ± 7 cm, body mass 78 ± 14 kg
Isometric trunk flexion, extension and lateral bending The spine stability was greater when increased IAP was applied. The motor control strategy used to increase IAP during steady state, physical exertion was not to reduce the spinal compression force, but rather to increase the rigidity of the ribcage and stability of the lumbar spine.
Compton, Hill and
Sinclare [9] 2 national representative body mass lifters, age 30 and 21 years, height 159 and 185 cm, body mass 68 and 132 kg, max performance 140 and 185 kg clean and jerk One repetition of 75% RM clean and jerk Weight-lifters' blackout can be attributed to the reduced cardiac output and cerebral blood flow associated with the VM.
Legend: IAP = intra-abdominal pressure, ITP = intrathoracic pressure. Legend: RM = repetition maximum, BP = blood pressure, MP = mouth pressure, ITP = intrathoracic pressure, IAP = intra-abdominal pressure, 1 kPa = 7.500617 mmHg, 1 mmHg = 0.133322 kPa [30] . [34] . Therefore, regarding the progressivity of exercise selection (from easier to more difficult), we recommend considering not only the exercise technique [35] and lifted load [22, 23] but also the exercise effect on body pressures; for example, highintensity squats should be incorporated in resistance training programmes after mastering less challenging exercise tasks. Thus, high loaded squats should be recommended only in a resistance-trained population.
The deadlift, slide row and leg press are exercises that elicit a lower IAP than squats (161-176 mmHg); therefore, their application in a resistance training programme for non-resistance-trained people is seemingly safer than squats. However, this is not true for the deadlift, as this exercise technique is considered very advanced
Exercise selection by IAP and ITP
The main finding of this study is that IAP and ITP are strongly associated with exercise selection and not solely dependent on the lifted load [25] . Squats, or exercises that include a squatting task (e.g., clean and jerk), were associated with the highest IAP and ITP, which corresponds to practical experiences where the squatting technique includes an intensive VM effort. Since invoking the VM and the elevation of IAP and ITP play protective roles during squatting [3, 13] , this pressure elevation seems to be beneficial in a healthy population. However, when resistance training is applied, all practitioners should apply a progressive approach in exercise selection and lifted load [31, 32] . In this manner, squatting exercises are the most difficult in terms of exercise technique [33] and allow high external and the shear forces in the lower back might be similar to those during squatting [20] . On the other hand, leg press and slide row exercises are easy to perform for a non-trained population; thus, their implementation should be safe in any case, and especially since both exercises showed lower ITP than IAP (Tables 3 and 4 ). The lowest ITP and IAP values were found during the bench press, and regarding BP, the leg press and slide row might be safely used even in a hypertensive population [36, 37] .
Our conclusion about the progressivity of resistance exercises and loads is especially important in populations with high blood pressure or cardiovascular disease, where even body weight squats might be considered as high-intensity exercise. For this population, resistance training is highly recommended to improve their health [38] ; however, exercise selection is typically provided without consideration of ITP and IAP responses.
The IAP or ITP differences between exercises might be explained by body and load positions, as the body position during squats coupled with an external load on the scapula elicited the highest IAP, and a supine body position (bench press) required the lowest IAP and ITP [26] . The deadlift exercise has a similar movement pattern 
Consideration of non-included studies
Some studies were not included in the review, but were still somehow related to IAP, ITP and the VM. These studies met most of the criteria, but there was still some obstacle that prevented their inclusion in the main list. A study by Essendrop and Schibye [39] measured IAP pressure during sudden back loads, which should imitate judo techniques. Since sudden loads are uncommon in resistance training, the study was excluded. Another study by Essendrop et al. [40] measured IAP during an uphill/incline test, which does not correspond to resistance training, although this task has a high anaerobic requirement. A study by Daggfeldt [8] was very important to the present topic; however, we considered their methods as a study model instead of a measurement. Studies by Cresswell et al. [41] , Williams and
Lind [42] and Nachemson et al. [43] were excluded because they included isometric exercises (isometric trunk flexion, isometric extension, isometric hand grip and isometric uphill/incline static test) where only a voluntary VM might be applied.
Although 16 studies fulfilled all inclusion and exclusion criteria, many studies did not contain the desired exercise intensity condition; therefore, we summarized them in Tables 3 and 4 but not in the comparison part of the article. Another limitation of studies included in Tables 3 and 4 is in absolute lifted load being reported instead of relative lifted load, which is due to reported values in original studies.
Measurement techniques to determine intra-abdominal and intrathoracic pressure
Several methods were used for measuring IAP and ITP in the mentioned review studies. There was not a single measurement that was identical with another among the different author's studies. ITP was mainly measured using a pressure recorder inserted via the nostril into the oesophagus [7] , or as mouth pressure [16, 17, 27] . IAP was mostly measured in the gastric system (stomach) via the nostril [21] but also via the rectum [20] or urinary bladder [26] . Thus, correlation and comparison studies may be required to prove differences or similarities between different measurement procedures. For example, ITP is correlated with blood pressure [29] , and mouth pressure is usually used as a representative value of ITP [5, 17] ;
therefore, a direct association study should be performed in the future.
This review also included studies that used mouth pressure as the parameter of exercise intensity [17, 27] , which is the reverse approach to our suggestion. Although a voluntary VM in a sitting position results in the highest IAP and ITP [2] , which can elicit 100%
of the individual pressure abilities, people mostly use the VM without noticing and cannot focus on both the exercise task and pressure values at the same time [44] . Therefore, the use of mouth pressure as the intensity parameter seems to be much less applicable than 
General effect of the VM during high-intensity effort
The VM decreases cerebral blood flow velocity by 21-52% based on individual adaptation to this manoeuvre [12] . Furthermore, the VM might strengthen breathing muscles [24, 45] , especially when using external resistance, which leads to increasing the speed of breathing muscles [45, 46] but also in normal breathing conditions [24, [45] [46] [47] .
Several studies have focused on blood pressure (BP) measurement and using the VM without external weight. These studies demonstrate that the VM leads to significantly increased BP and do not recommend its use by people with hypertension [48] [49] [50] . However, other studies have attempted to warn against free breathing, stating that it can lead to hyperventilation and is associated with negative consequences, even for healthy individuals [15, 50] . When weight lifting and using the VM, there is a significant increase in systolic, diastolic, intracranial and cerebrovascular pressure [13, 48, 49, 51 ].
An increase in intraocular pressure often leads to the rupture of peripheral capillaries, which may cause blood to spill into the eye. This press, deadlift and box lift, which were higher than values measured condition is not dangerous for healthy individuals [16, 52] . However, in extraordinary situations, using a high-intensity VM during weight lifting may lead to eye damage or blindness. During leg extensions when using the VM and a weight lifting belt, intra-muscular pressure on the erector spinae is increased, which leads to stabilization of the spine, in addition to overall trunk stabilization [4, 53] .
During chest press and leg press exercises with average weight, there is a minimal difference between BP and heart rate (HR) while holding the breath compared to controlled breathing variations [54] .
When using the VM compared to concentric exhaling and inhaling, a very similar HR and BP were measured. Only during the VM was the BP response much stronger [55] . During chest press exercises with middle weight hold breathing and free breathing, there were no blood pressure or HR changes measured. This result is an indication that during heavy weight lifting, it is unnatural to hold the breath completely [56] .
Studies agree that increased IAP and ITP lead to greater stabilization of the trunk and greater intramuscular pressure on the erector spinae and abdominal muscles, which allows a greater magnitude of resistance to be overcome [6, 25] . Some studies deny that strengthening the abdominal muscles affects the IAP generated during exercise in healthy participants and those with low back pain [57, 58] , while another study proved that weakened abdominal muscles negatively affect the maximum generated IAP [41] . A study by Lander [20] also showed that using a weight lifting belt leads to increased IAP and can be used for injury prevention; however, it is not recommended for long-term usage [21] . High-intensity VM carries a risk for people with hypertension and cerebrovertebral anomalies [13] .
For global populations, the risks are very low, and for trained populations, the risks are even lower, due to body adaptation.
CONCLUSIONS
Regardless of participants' training level, the highest IAP was measured during squats followed by deadlift, slide row and leg press, and the lowest IAP was measured during the bench press (79 ± 44 mmHg). The highest ITP values were elicited by the leg S2 
